This paper presents experimental investigations of the control algorithm of a highly maneuverable mobile manipulation robot. The kinematics of a mobile manipulation robot, the algorithm of trajectory planning of the mobile robot to the point of object gripping are considered. By realization of the algorithm, the following tasks are solved: solution of the inverse positional task for the mobile manipulation robot; motion planning of the mobile manipulator taking into account the minimization of energy and time consumption per movement. The result of the algorithm is a movement to the point of gripping of the manipulation object; grasping and loading of the object. Experimental investigations of the developed algorithms are given.
Introduction
The mobile manipulation robot (MMR) is a mobile platform on which manipulation and gripping mechanisms are placed. In comparison with stationary manipulators, mobile manipulators can perform operations in an extended working area. The direction of development of and research on MMR has been of great interest for many years in various fields. The mobile platform provides transport operations, which consist in moving objects within some space. The choice of the type of mobile platform is determined by operating conditions of the robot [1] [2] [3] . The design of a mobile platform with omniwheels is the most promising from the point of view of practical application due to the possibility of omnidirectional movement.
The most important characteristics of manipulator that determine the efficiency of maneuvering are the precision of positioning, the number of degrees of mobility, the shape of the working area, the angle and the coefficient of service. These characteristics are determined by the type of the task. The inverse positional problem is the main element of a manipulator control system.
In order to interact with surrounding objects, additional devices can be placed on board the mobile robot: lighting devices and information-measuring devices in the form of various sensors. Encoders, laser or ultrasonic range finders can be used as information-measuring devices. It is possible to use other devices: stereo cameras [4] , RGB-D cameras [5] to build a map of the depth of environment and object recognition, as well as time-of-flight cameras installed on the corners of the mobile platform to build a scene 360 degrees around a robot [2] .
In previous works, the control tasks of a highly maneuverable mobile platform were discussed in [6] [7] [8] , and the theoretical research on the mobile manipulation robot was conducted, in which the design was analyzed and the influence of the center of mass position on the trajectory of motion was determined [9, 10] .
Kinematics
The structural scheme of the MMR on a highly maneuverable platform with omniwheels is shown in Fig. 1 . The mobile platform with omniwheels can be represented as three separate kinematic pairs with 1 degree of freedom. To be able to carry out technological operations of gripping and loading an object on the mobile platform, a manipulator is installed on it. The degrees of freedom of the manipulator are chosen so that, when it is installed on the mobile base, the mechanical system will have 6 degrees of freedom.
The kinematic model of MMR in general form is a product of a sequence of matrices of transition from the base coordinate system to the i system:
The position of the end effector of the manipulator in the base coordinate system is determined by the column vector equal to the fourth column of the matrix [11] , the first three elements of which are the coordinates of the gripper's working point in the base coordinate system. The service areas of the manipulator and of the mobile manipulation robot [9, 10] are shown in Fig. 2 .
Combining 3DOF (2P1R) mobile platforms with omniwheels and 3DOF (3R), the manipulator allows a significant increase in the functionality and an expansion of its service area.
Motion planning
The omniwheel platform control can be implemented using the control torque or angular velocity of wheels [6, 7] . In the case of angular velocity control, the dynamic processes of the system are determined by the parameters of drives. Moment control allows one to take into account the changing parameters of the system, for example, the position of the center of mass. However, such a control is difficult to implement under real conditions. Next, we consider the planning of the robot movement based on the control of the mobile platform using the angular velocities of the wheels, based on the model that ensures no slipping at the contact point of each wheel [6] .
The movement of the manipulator in order to grip the object from the surface of the movement is determined unambiguously in view of the absence of redundancy degrees of freedom. The number of degrees of freedom of the mobile platform allows the robot to move to a given point in several ways:
1. Turning the platform at angle ϕ and moving over distance r.
2. Moving the platform at angle ϕ over distance r, turning the platform at angle ϕ.
3. Moving the platform at distance r with a change of orientation in the process of motion at angle ϕ. whereΨ i is the angular speed of rotation of the i wheel, v = (v x , v y ) is the linear velocity of the mobile platform, ω is the angular velocity of the platform, h i is the radius of the i wheel, r i , τ i , α i are the vectors characterizing the position, plane and direction of the roller axis of each wheel, they are constant in the moving axes. Thus, the direct control of the movement of the mobile platform is carried out using the angular velocity of the wheels.
The modeling of the system to determine the most optimal way of movement is carried out. The movement of the mobile platform in different ways for the same period of time is considered.
Further, the kinetic energy of the wheels of the mobile platform is considered as the energy spent on control. The kinetic energy of the wheels consists of the kinetic energy of translational and rotational motions:
where m i is the mass of the i wheel, I i is the moment of inertia of the wheel relative to the axis of rotation, and I i is the moment of inertia of the wheel relative to the diameter. Based on the comparison of the energy, which is spent on the control of the mobile platform, with the help of numerical modeling, it is concluded that the variant with simultaneous angular and linear displacement is optimal. Also, this option is the most preferable because in this method only one cycle of acceleration-braking is carried out.
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The formulation of the motion task is as follows: the mobile manipulation robot from a point with coordinates p 0 = (x 0 , y 0 ) (motion in the plane is considered) with the initial orientation φ 0 needs to move to the end point with coordinates p = (x k , y k ) and the end orientation φ k . The maximum angular speed of rotation of the wheelsΨ max and acceleration time t p are set. Then it is possible to determine the components of the velocity vector for a given maximum speed of rotation of the wheels: v max = (ẋ max ,ẏ max ,φ max ). Let s = (s x , s y , s φ ) be the path that will be overcome during acceleration when the speed v max is reached:
To ensure simultaneous linear and angular movement, it is necessary to determine the maximum of required time:
Based on the time value obtained, the acceleration and maximum velocity values must be redetermined. Redefinition is required to ensure the same time spent on linear and angular displacement.
Position feedback has been introduced to improve the precision of positioning. In that case, the speed v = (v x , v y , ω) of the mobile platform depends on the distance S = (x actual , y actual , φ actual ) to a given point. x actual , y actual and φ actual are the x and y coordinates and the angle of rotation of the mobile platform relative to the starting point p 0 .
The components of the velocity vector of the mobile platform are determined as follows:
Graphs of variants of the speed diagram obtained according to this algorithm are shown in Fig. 4 .
Similarly, a calculation for the angular velocity ω is carried out. The minimum of energy required for movement is provided by simultaneous linear and angular movements. The minimum of time is provided by using the maximum of acceleration and speed of the mobile platform. 
Control system
The scheme showing the structure of the control system of the mobile manipulation robot is presented in Fig. 5 .
The vision system (Kinect 2.0) allows one to obtain data about the environment in the form of rgb images and depth maps. The navigation system provides the coordinates of the robot position. In the laboratory system Vicon Motion Capture is used as a navigation system. On the basis of these data, the object of manipulation is recognized and the control actions are calculated in the form of angular velocities of the wheels and rotation angles. Microcontrollers provide control at the drive level. Let us consider the description of object detection. To minimize the computational cost, RGB-based image recognition is selected. To search for symmetric objects of monotonous color, the color recognition method is selected. The purpose of this method is to find the moment of the image [12] [13] [14] . The coordinates of an object in space are determined based on the coordinates of the center of the object in pixels and the distance to it that is obtained by Kinect [14] :
where d is the distance to the object returned by the depth sensor; u, v are the coordinates of the object in pixels; c u , c v are the coordinates of the optical center in pixels; f u , f v is the focal length f , measured in pixel width and height. The coordinates of the object are necessary to determine control actions for movement of the omniwheel mobile platform to the capture point.
Experiment
Consider an example of planning a motion trajectory for an MMR in order to capture certain objects that are within the visibility range of a robot's vision system. The object that needs to be moved has coordinates x, y in the coordinate system associated with the robot. The coordinates are obtained using data from the vision system. The point to which it is necessary to move in order to grip the object has coordinates x k and y k . Then the control actions are formed as follows:
1. Based on the set maximum wheel speed, the time required to move the robot to a given point is determined according to Eq. (2).
2. According to the time value obtained, the dependence of the speed vector's components of the robot movement is determined by Eq. (3) or (4).
3. Individual angular speeds of the wheels of the mobile platform are determined by Eq. (1). The photos of the prototype of a highly maneuverable mobile manipulation robot are shown in Fig. 6 .
An experiment was conducted for specific values of the coordinates of the object's capture point: x k = 300, y k = 400. Graphs of the trajectories obtained are shown in Fig. 7 . The trajectory is divided into three sections (see Fig. 7 ): acceleration corresponds to interval 1, movement with constant speed corresponds to interval 2 and deceleration corresponds to interval 3. The analytical description of the movement speed on these segments corresponds to Eq. (4).
The results obtained prove the efficiency of the proposed algorithm for controlling a mobile robot. The trajectory of the mobile robot is somewhat different from linear, however, the position feedback ensures the achievement of the target point with a given orientation.
On the basis of the proposed motion planning, control programs for the object recognition are developed in the C++ programming language in the ROS (Robot Operating System) using OpenCV libraries.
The control program of motion planning for the mobile manipulation robot are developed in the C# programming language in the Microsoft Visual Studio. A video of the experiments can be viewed at: https://youtu.be/docNyRm-vUw. 
Conclusion
This work presents the algorithm and control system of a highly maneuverable mobile manipulation robot, providing recognition of objects; movement of the mobile robot to the point of object gripping and its loading on the mobile platform. Based on investigations of the mathematical model of the mobile robot, an optimal algorithm for planning the trajectory of motion by the criterion of the minimum energy and time is proposed. The investigations of the efficiency of the developed algorithms were carried out using the prototype of the highly maneuverable mobile manipulation robot.
